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Abstract 
Marine biofouling is a natural phenomenon representing one of the greatest problems in marine technology (navigation, 
aquaculture nets, etc). To circumvent these problems, antifouling paints or coatings, i.e. matrices containing biocidal species, are 
used to protect the submerged surfaces and objects. Polymers containing quaternary phosphonium or quaternary ammonium 
groups are promising biocidal materials. Such a biocidal polymeric material is the polymeric salt PSSAmC16 formed between 
the polystyrene sulfonate anion and the cetyltrimethylammonium cation. When embedded into a paint or a polymeric matrix, the 
cation of PSSAmC16 is gradually dissolved in the surrounding water through an ion exchange mechanism, offering the biocidal 
protection of the surface. In the present work, the release of PSSAmC16 from the synthetic polymeric matrix poly(methyl 
methacrylate), PMMA, was evaluated, as a function of the contact time with the  surrounding aqueous environment. The 
PSSAmC16 content in the matrix varied from 0 up to 40 % (wt/wt), while aqueous NaCl solutions with a salt concentration up to 
2M were investigated. The release of the polymeric biocidal was quantified through Total Organic Carbon (TOC) and Total 
Nitrogen (TN) measurements. Both methods reveal that the major part of the polymeric biocidal is released within a few days, 
while release increases with the PSSAmC16 content and it is enhanced by the salinity. 
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1. Introduction 
The deposition of microorganisms occurs continuously and dynamically to all surfaces submerged in seawater, 
which undergo a series of discrete, sequential, chemical and biological changes (Gunn et al., 1987). Thus, the growth 
of microorganisms is an inevitable process. This phenomenon is called bioaccumulation (biofouling) (Loschau and  
 
 
* Corresponding author. Tel.: 00302631058436; fax: 00302631058287. E-mail address: mpekiari@teimes.gr.  
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Data Research and Consulting
446   Vlasoula Bekiari et al. /  Agriculture and Agricultural Science Procedia  4 ( 2015 )  445 – 450 
Kratke, 2005) and occurs for all surfaces placed in the aquatic environment, representing one of the greatest 
problems in marine technology (navigation, aquaculture nets, etc), with important economic and ecological impact 
(Armostrong et al., 2000; Bazes, et al., 2006). The variety and intensity of bioaccumulation depends on the specific 
region, season, geographical location and the local environmental conditions (Hodson and Burke, 1994; Yebra, et al., 
2004). 
With the tightening of legislation on the use of biocidal species, namely species that will inhibit bioaccumulation, 
biofouling problems have increased (Bazes, et al., 2006; Hodson and Burke, 1994). In the past years, research into 
surfaces that inhibit marine biofouling has focused on designing environmentally friendly or environmentally 
acceptable materials due to forbiddance on currently used toxic coatings. The most important groups which may be 
used as biocides are alcohols (ethanol, isopropanol), phenols (Triclosan, hexachlorophene), aldehydes 
(formaldehyde), surfactants (quaternary ammonium salts, phosphonates) and oxidizing agents (Simons, 2001).  
Polymeric quaternary ammonium compounds have been proposed as biocides in many types of applications such 
as paints, water treatment, textile and food industries, due to their low toxicity and broad antimicrobial spectrum 
(Alamril, et al., 2012; Kourai, et al., 2006). Compared with other antimicrobial agents of low molecular weight, 
these structures display advantages including the fact that they are not volatile, they are chemically stable and they 
have low permeability through the membranes (Beyth, et al., 2006). Depending on the way of the incorporation of 
antimicrobial agents onto polymers, they can be classified in two categories: covalently attached, or ionically bound 
(Guo, et al., 2013; Koromilas, et al., 2014, (a) and (b); Tiller et al., 2001). In fact, research on antimicrobial polymers 
has attracted considerable attention over the past years, due to their high efficacy in preventing and controlling the 
microbial infection. Their use is of great importance in various fields, especially in medical devices, water 
purification, drugs, textiles, food packages, antifouling paints and fish nets (Abid, at al., 2010; Alamril, et al., 2012; 
Oikonomou, et al., 2012). The mechanism of their action is well known for years and their antimicrobial activity has 
been tested against various microorganisms (Lee, et al., 2004). It is well-known that most bacterial cell walls are 
negatively charged, therefore most antimicrobial polymers are positively charged. In this line, polymers with 
quaternary ammonium groups are promising candidates for polymeric biocides. The existence of possible excess 
positive charge is expected to lead to increased biocidal efficiency, since the mechanism of the bactericidal action of 
the quaternary ammonium salts involves disruption of the cell membrane through interaction with the anionic sites 
of cell wall. 
Usually, biocidal efficiency for most applications should be maintained for long periods. A way to achieve this 
goal is to incorporate the biocide into a solid matrix, for instance a paint or a polymer, retarding thus the release to 
the surrounding environment.  Having that in mind, the aim of the present work was to study the release of biocidal 
compounds from a typical polymeric matrix, namely poly(methyl methacrylate), PMMA. For this purpose, a well-
established polymeric biocide, namely the homopolymer poly(cetyl trimethylammonium styrene sulfonate), 
PSSAmC16, was incorporated into the selected matrix, in a content of 0-40 % (w/w). The chemical structures of the 
polymers (PMMA and PSSAmC16) are shown in Fig.1. The release of the polymeric biocidal material from the 
matrix in aqueous NaCl solutions with a salt concentration up to 2M, was determined as a function of contact time 
with the surrounding aqueous environment and quantified through Total Organic Carbon (TOC) and Total Nitrogen 
(TN) measurements.  
2. Materials and Methods 
The polymer poly(styrene sulfonate sodium salt), PSSNa, and the solvent dichloromethane (DCM) were 
purchased from Sigma-Aldrich Co, whereas poly(methyl methacrylate), PMMA, was a product of BDH Chemicals 
Ltd. Dimethylacetamide (DMA) was supplied by Fisher Scientific and used as a solvent for blend polymer solution 
preparation without further purification. The surfactant cetyl trimethylammonium bromide (CTAB) was supplied 
from Alfa Aesar. Ultra-pure water was obtained by means of a SG apparatus water purification unit. 
For the preparation of PSSAmC16, 5 g (0.024 mol) PSSNa were dissolved in 50 mL of triple distilled water. 
Then, an aqueous solution of CTAB (10.0 g in 100 mL H2O) was added dropwise to the polymer solution, leading to 
the precipitation of PSSAmC16. The next day, the precipitate was filtered, rinsed thoroughly with water and then 
dissolved in DCM. The product (in the DCM phase) was obtained through rotary evaporation, and dried under 
vacuum at 60°C. 
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Membranes were prepared by the solution casting technique. The biocidal PSSAmC16 and the matrix PMMA 
were dissolved in DMA in a concentration of 6% (w/v) and heated on a hot plate at 80°C under stirring to reach 
complete dissolution. Various PMMA/PSSAmC16 compositions were prepared (90/10, 80/20, 70/30 and 60/40 
w/w), through mixing adequate volumes of the PMMA and PSSAmC16 solutions. The polymer mixture solutions 
were cast on a glass plate at 80°C for 24h. The formed membranes were placed in a vacuum oven at 80°C and dried 
overnight for the complete solvent removal. The membranes had a uniform thickness of 100 μm. 
A membrane piece (~0.05-0.1g) was immersed in 100mL pure water or aqueous NaCl solutions of the desired 
concentration. At several time intervals, 2-mL aliquots were withdrawn, diluted to 10 mL with 1M NaCl  solution 
and the TOC/TN content was measured, using a Shimadzu TOC analyzer (TOC-VCSH) coupled to a 
chemiluminescence detector (TNM-1 TN unit). The volume of the aliquot was immediately replaced, in order to 
maintain the total volume constant. Some of the results were measured more than once. Repeatability was found to 
be better than 15%. 
3. Results and Discussion 
Since the biocidal species of the polymeric biocide studied, PSSAmC16 (Figure 1), are ionically bound to the 
polymer backbone, the release process will be primarily driven by an ion exchange process. In fact, the positively 
charged cetyl trimethylammonium cations will be exchanged with the cations present in water and, thus, released. 
As a result, while the solubility in water of PSSAmC16 is initially limited, the polymer will gradually turn to water-
soluble and will be dissolved in water. Therefore, the salinity of the aqueous environment is expected to be a crucial 
factor of the release kinetics. For this reason, we performed the release studies in aqueous NaCl solutions of varying 
salt concentration, from 0 up to 2M.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Chemical structures of the polymeric matrix PMMA and the polymeric biocide PSSAmC16..  
 
The release of PSSAmC16 from the polymeric matrices in aqueous solution was monitored through Total 
Organic Carbon (TOC) and Total Nitrogen (TN) measurements.  As a representative example, the evolution of TOC 
and TN in aqueous NaCl 0.5M solution as a function of contact time with the PMMA/PSSAmC16 matrices is shown 
in Fig. 2. As expected, both TOC and TN are practically zero in the case of pure PMMA, since PMMA is a water-
insoluble polymer. In contrast, when PMMA contains the polymeric biocidal PSSAmC16, organic carbon (TOC) 
and nitrogen (TN) are detected in the aqueous solutions, indicating that PSSAmC16 is indeed released under these 
conditions. The TN values are much lower than the TOC values, since the nitrogen content of PSSAmC16 is very 
low, as compared to the carbon content of the polymer. The results from both methods show similar trends, namely 
the biocide is gradually released in the first few days and, a maximum plateau is attained, after about 5-10 days of 
contact time. Finally, it is clear that the concentration of carbon and nitrogen detected in the solution follows the 
PSSAmC16 content of the PMMA membrane.   
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Fig. 2. Evolution of  (a) TOC  and (b) TN content of aqueous NaCl 0.5 M solutions, in contact with PSSAmC16/PMMA membranes. The 
PSSAmC16 content of the membranes are noted next to each curve. 
 
Fig. 3. Evolution of  (a) TOC  and (b) TN content of pure water or  aqueous NaCl  solutions, in contact with PSSAmC16/PMMA membranes 
with 20% (w/w) PSSAmC16 content. The NaCl concentration of the solutions is noted next to each curve.  
To study the influence of salt on the release of the polymeric biocidal the PMMA membrane with a 20%(w/w) 
PSSAmC16 content was used. The evolution of TOC and TN when this membrane is in contact with pure water or 
aqueous NaCl solutions of concentrations 0.5M, 1M and 2M is shown in Fig. 3. In general, the release kinetics are 
similar as previously described, namely most of the biocidal material is released within the first few days. In 
addition, it is clear that the quantity of the material released in pure water is much lower than when the solutions 
contain NaCl. This is obviously related with the limited solubility of PSSAmC16 in pure water. In contrast, we have 
checked that PSSAmC16 is readily soluble in aqueous NaCl solutions, for salt concentrations higher than ~0.5M.  
The TOC and TN values detected in the aqueous environment are related with the exact quantity of PSSAmC16 
contained in the membrane, as well as with the exact mass of the membrane used in each study. In order to minimize 
these effects, the % release of the biocide as found from TOC is compared in Fig. 4 with the % release of the biocide 
as found from TN.  To determine these quantities, the actual TOC and TN values were normalized over the 
maximum TOC and TN values expected to be detected in the aqueous environment, if all the quantity of the biocide 
was released in water. Maximum TOC and TN values were calculated taking into account the PSSAmC16 content 
0 10 20 30 40 50
0
20
40
60
80
100
120
140
PMMA
30%
20%
40%
10%
TO
C 
(m
g C
 /  
L)
Time  (Days)
a 
0 10 20 30 40 50
0
1
2
3
4
5
6
PMMA
10%
40%
20%
Time (Days)
TN
 (m
g N
 /  
L)
30%
b 
a 
0 10 20 30 40 50
0
20
40
60
80
0,5M
Pure water
2M
1M
TO
C 
(m
g C
 /  
L)
Time  (Days)
b 
0 10 20 30 40 50
0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
4,0
1M
2M
Pure water
Time (Days)
TN
 (m
g N
 /  
L)
0,5M
449 Vlasoula Bekiari et al. /  Agriculture and Agricultural Science Procedia  4 ( 2015 )  445 – 450 
of the membrane, the exact mass of the membrane used and the chemical structure of the biocide (Fig. 1). From the 
TOC results in Fig.4, it is evident that about 20% of the biocide is released in pure water, whereas PSSAmC16 
release is increasing at ~60% in aqueous NaCl 0.5 M solutions to reach a maximum at ~70% when the NaCl 
concentration is 1M and 2M. While a rather good agreement between the TOC and TN findings is generally 
observed, from the TN results in pure water the % release is determined at somewhat higher levels (~40%).  This 
could be just an overestimation, as a consequence of the uncertainty of TN determination, since the nitrogen content 
of these solutions is low. However, it might also indicate a preferential dissolution of the low molecular cationic 
species containing the nitrogen atom (cetyl trimethylammonium cation), as compared to the case of the polymeric 
backbone (poly(styrene sulfonate) anion). 
 
Fig. 4. Evolution of  % released polymeric biocide  from the PSSAmC16/PMMA membrane with 20% (w/w) PSSAmC16 content in pure water 
or aqueous NaCl  solutions, as determined through TOC  (filled symbols, solid lines)  and TN (open symbols, dashed lines)  measurements. The 
NaCl concentration of the solutions is  noted next to each curve.  
4. Conclusion  
The release of the polymeric biocide PSSAmC16 form PMMA matrices in pure water and in aqueous NaCl 
solutions was investigated in the present work. The biocide content of the mebranes varied from 0 up to 40% (w/w), 
while the NaCl concentration varied from 0 up to 2M. From the evolution of TOC and TN in the aqueous 
environment being in contact with the PMMA/PSSAmC16 membranes, it is concluded that the release of the major 
part of the biocide occurs within the first few days. The TOC and TN values determined in the aqueous solution are 
increasing significantly with the PSSAmC16 content of the membrane. In addition, while ~60-70% of the biocide is 
released in salt solution, just a portion of ~20-30% is released in pure water. This result is probably related with the 
limited solubility of PSSAmC16 in pure water.  
These preliminary results indicate that we can possibly control the release of the biocide for potential antifouling 
applications in water through the incorporation of the biocide into a polymeric matrix. Of course, the systems should 
be optimized from the point of view of the miscibility of the polymeric biocide with the polymeric matrix. Thus, 
other matrices can also be investigated as potential candidates, while the chemical structure of the polymeric biocide 
can be modulated through copolymerizations in order to improve miscibility.  
Finally, the results in pure water are interesting, since they indicate that the release of the biocide may be more 
readily controlled in salt-deficient environments. These findings are promising for potential antifouling applications 
in river or lake waters, after the previously discussed optimization of the system. 
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